We present results from an experimental study of ordering characteristics in monolayers of polystyrene nanospheres self-assembled at a water-air interface. We demonstrate that the interaction of spheres, governed by the dissemination of surface charge, leads to the formation of macroscopic close-packed ordered areas or "domains" with a well-defined orientation of the lattice axes over areas of 25 mm 2 . It was found that by changing the surface chemistry of the spheres it is possible to modify the balance between the attractive and repulsive forces and thus to control the ordering characteristics. We implemented a model that simulates the process of self-assembly and examines the ordering characteristics for layers with different ratio between attractive and repulsive forces. A good qualitative agreement was found between the simulations and experiment. These studies are technologically relevant as a method of producing nanosphere templates for large area patterned materials.
Introduction
Ordered colloidal systems obtained via the method of nanosphere self-assembly play an important role in a wide range of applications such as photonic materials, 1,2 high-density magnetic data storage, 3, 4 biosensors, 5 and preparation of materials with micro-and nanometer scale patterns. Colloids can be easily manipulated, thus giving numerous possibilities for controlling the processes of assembly. Micropatterned colloidal assemblies can be produced with lithographically patterned electrodes, 5, 10 micromolds, 11 electric-field-induced assembly, 12,13 variable current density on electrode substrate, 13,15 magnetic field, 16 patterned substrates, 17 and the method of electrophoretic assembly. 14,18 Many of these experimental methods are employed to produce arrays of submicrometer particles. The focus is generally on the order parameter which has direct relation to the average size of domains (highly ordered regions with well-defined orientation of principal axes). The structural rearrangements and observations of orderdisorder transitions in colloidal systems have been reported in a number of theoretical and experimental works on ionic colloidal dispersions/suspensions. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Far less attention though has been given to the study of monolayers of colloid spheres. 16, [35] [36] [37] [38] [39] [40] [41] Yet, the latter are technologically very important as templates for large-area patterning applications. [6] [7] [8] [9] As has been shown in one of the original studies of 2D colloid systems, 29 the charge-stabilized colloidal polystyrene spheres can be trapped at the air-water interface and organized in a crystal-like structure forming a 2D hexagonal lattice. Such behavior was attributed to stabilization due to the dipoledipole repulsive interactions for which theoretical treatments of the phenomenon have subsequently been given. [30] [31] [32] [33] Some experiments on reentrant ordering rearrangements by varying the particle charge density have already been shown on ionic colloidal dispersions of polystyrene and latex spheres. [20] [21] [22] 27, 28 It has been demonstrated that the interaction forces are responsible for structural ordering in colloidal dispersions. At a particular ionic strength they exhibit spatial ordering over distances considerably greater than the particle diameter as a result of long-ranged electrostatic repulsion forces. Later, it was shown that for 2D colloidal systems governed by *Corresponding author. E-mail: E.Sirotkin@exeter.ac.uk.
(1) Lin, S. Y.; Chow, E.; Hietala, V.; Villeneuve, P. R.; Joannopoulos, J. D. Science 1998, 282, 274-276. (2) Painter, O.; et al. repulsive dipolar forces a more ordered system can be observed when the interaction strength between the particles is increased. 16 In this article we are investigating the ability to control the ordering in the colloidal monolayers self-assembled at the waterair interface. We report on observations of macroscopic ordering of polystyrene nanospheres of two different sizes. We show that by changing the electrostatic environment of the water-air interface, we can modify the average domain size of the lattice. On the basis of the result of simulations, we suggest that the size of the ordered domains and the overall correlation of spheres in the monolayer can be modified via tuning the repulsion-attraction balance between spheres. It is shown that by changing the pH factor of water the system can go from a disordered state to an ordered state. It is also predicted that there should be a well-defined state that corresponds to an energy minimum for which the order parameter is maximal. From simulations we can observe that the system changes from a disordered state to a more ordered state and then back by increasing the repulsion strength. These observations are in qualitative agreement with the experimental results.
Theoretical Basis
Previously, it was shown that self-assembling of colloid spheres trapped at a water surface is governed by attraction forces due to capillary effects and the repulsion forces due to electrostatic dipoledipole interaction between spheres. We have taken a similar approach to our simulations. In order to construct a model of collective behavior, the interaction between a pair of spheres, floating on an interface between a polar and a nonpolar fluid, was considered. Following the description by Nikolaides et al. 32 which is based on observations of small numbers of microspheres on an oil-water interface, we introduced an interaction potential representing the two types of forces. The minimum of the potential energy of this interaction leads to an equilibrium state for which the separation between the spheres is determined by the relative strength of the two balancing forces. The interaction potential is given as 
The first term in eq 1 is attributed to the capillary attraction and the second term to the dipolar repulsion. Here F is the force normal to the interface that distorts the interface, leading to an intersphere capillary attraction; γ is the interfacial energy; r 0 is the radius of the spheres; a w is radius of the water-wetted area of the sphere; ε air , ε water , and ε 0 are dielectric constants of air, water, and vacuum, respectively; r is the center-to-center separation between the spheres; and p is the total electric dipole moment of the sphere which depends on the screening length and the surface charge density of the spheres. The minimum of the potential energy of this interaction gives rise to an equilibrium separation between spheres (r eq ) determined by their relative strengths. For the purposes of constructing a numerical model, the physical parameters were combined into two coefficients: A and R for the attractive and repulsive components, respectively. Equation 1 is then reduced to the form
The model was implemented using an iterative gradient-descent technique 43, 44 searching for the spatial configuration of particles corresponding to the lowest-energy state of the whole assembly (see Appendix for a detailed description of the algorithm of the program). Minimization of potential is achieved by displacing each sphere at a time to reduce the total energy of the system. For each iteration step the interaction is computed for all pairs of particles in the system. The dynamic or hydrodynamic properties of the system are assumed to be negligible. Boundary conditions of the system model the external physical constraints of the system, such as the area of the water surface, and the size of the spheres themselves. These conditions were implemented simply by checking and correcting overlaps between spheres or overlaps between spheres and the boundaries. Certain ad-hoc modifications were also implemented to deal with side effects of approximations: the electrostatic interaction between the spheres was set to a constant value at very short-range to avoid artifacts caused by the inverse dependence of the repulsion. At long ranges, i.e., more than five sphere diameters, the attractive capillary interaction was set to zero to account for the fact that capillary effects occur only between spheres located at short distances from each other. For each iteration step the assembly of the spheres was visualized as a coordinate map, where each sphere was represented with a circle of the corresponding radius. Some of the maps were combined as animation movies in order to observe the evolution of the system. The maps of final positions of spheres were analyzed using fast Fourier transformation (FFT) to examine the degree of ordering. It was found that the close-packed assembled structures, where the equilibrium separation is less than the sphere diameter, would not yield ordered arrangements except for a very small (<40) numbers of spheres. For a larger numbers of spheres, a significant long-distance order, with clear domain boundaries, occurs when the repulsive contribution dominates. However, if the repulsion is too strong, the domain boundaries become less apparent, resulting in a glasslike structure with dominating shortrange order. The best ordering has been achieved when a loosepacked ordered array is compressed by external forces, represented in the model by progressively moving boundaries, which compress a loose-packed array into close-packed array. This simulation process models the self-assembly of spheres assisted by two compression sliders as was implemented in the experimental method (see Figure 3 ).
Theoretical Calculations
The simulation routine is divided into three stages according to the running number of iterations. In the first initial stage, the system is driven only by the natural assembly. At the second stage, the resulting self-assembled structures are compressed by uniformly moving boundaries of the side walls toward the center until a closed-packed array of spheres is formed. Boundary wall movement has also been used in the experiment. Following the compression we allow our system to relax accounting for a number of additional iterations. In the code, the final steps within the first and the last stages were determined as iteration steps, during which there were no further recombinations in the system observed. In Figure 1 we show simulated maps of the geometrical positions of spheres for three simulation sets with different strengths of repulsion. Map a corresponds to the initial positions of 1000 spheres which are randomly distributed within the defined area. repulsion-to-attraction (R/A) ratios, where the coefficient of attraction A is fixed. Here the ratio R/A is 27, 31, and 63 in (b) to (d), respectively, and each map shows the specific selfassembled structure with different spacing between spheres. As can be seen from the simulated maps, when the self-assembly is not constrained by the boundaries at the same surface concentration of spheres, the structuring is governed entirely by the shortrange interactions leading to the formation of localized clusters ( Figure 1b) . As the repulsion coefficient is increased, the sizes of the clusters are increased and occupy more of the area. Eventually, the clusters start interacting with each other, 42 leading to a formation of a cluster network (Figure 1c ). Further increase of the repulsion coefficient leads to a filling of the voids (Figure 1d ) until all empty areas are fully covered. In the latter cases, once the clusters are overlapped, the interaction between the spheres is affected not only by the neighboring units but also by the longrange contributions from the entire pattern. Similar structuring effects can be also achieved by varying concentration of the spheres, as was previously reported by Ruiz-Garca. 37 The degree of ordering, as can be seen qualitatively from the simulated maps, is increased as the spheres fill the whole available space, and the long-range interaction is achieved. Figure 2 shows the results of simulations after the second and final stages of assembly when the boundaries are moved to reduce the available spatial area. The final positions of interacting spheres are shown for different repulsion-to-attraction (R/A) ratios. The simulated set of images reveals that at different strengths of repulsion the degree of ordering is different. As described below, the repulsive dipolar forces tend to form more ordered arrays when the interaction strength between the spheres is increased. However, at a certain R/A ratio, which we identify as a "transition" state, the directionality of lattice axes is lost, and the system goes back into a disordered state (R/A = 62). Similar reentrant order-disorder transitions were previously observed for ionic colloidal silica and polymer latex dispersions by varying particle charge density. [20] [21] [22] Our simulations showed that a particular attribute of the orderdisorder transition in the case of 2D interactive particles is the formation of domains with a well-defined short-range order. The domains are separated by boundaries of dislocations. The orientation of lattice axes varies between different domains. When the repulsion force due to the long-range dipole interaction is further increased (Figure 2 , R/A > 78), the boundaries become less defined, leading to a more glasslike structure. In order to quantify the results of ordering, we performed Fourier transform analysis of the spatial configurations. The insets of Figure 2 show the corresponding 2D fast Fourier transform (FFT) patterns. Each presented pattern shows a different degree of ordering corresponding to a different strength of repulsion. For R/A = 55 the simulated array was found to have the most ordered configuration of a spheres. The corresponding 2D FFT image of the array revealed a well-defined hexagonal diffraction pattern. This result follows the case (R/A = 39) of a domain structure with well-defined boundaries and large dimensions. On the basis of interacting spheres at different repulsion-to-attraction (R/A) ratios, achieved after natural assembly, compression, and further relaxation. Repulsive dipolar forces tend to form a more ordered array when the interaction strength between the spheres increases, until some point where it starts to go back again to a disordered system. The case of the best ordering was determined using FFT images (inset) and corresponds to R/A = 55. the results of simulations, it was proposed that by varying the ratio between the attraction and repulsion coefficient, we could improve the self-assembling order to achieve larger domains with the ideal HCP lattice.
Materials and Methods
The experimental setup and methods used in this work have been described in detail in our previous publication. 34 The nanosphere solutions (Duke Scientific Corp.) are normally available as deionized water suspensions of hydrophilic polystyrene carboxylate-modified reagent microspheres. The surface of the spheres is terminated by reactive carboxyl groups which have Na þ ions. When submerged in water, the surface cations are partly dissociated. The density of the surface carboxyl group, or "parking area", is normally varied and depends on the average size of the spheres. In our experiments we used two types of spheres, 390 and 780 nm with the corresponding "parking areas" of 46 and 51 Å 2 /group, respectively. The spheres were purchased as "surfactant-free", so no special treatment was required to remove the surfactant from the colloids. 40 As described previously, 34 the experiments were performed at room temperature using deionized water with resistivity of 18 MΩ 3 cm 2 . The self-assembly of nanospheres was carried out in a standard Langmuir-Blodgett trough with Teflon sliders (see Figure 3) . Generally, we distinguish four main stages in the self-assembly of nanospheres: (i) dispensing of the spheres onto water surface; (ii) self-assembly process; (iii) compressing of the self-assembled areas into confined regions using Teflon sliders; and (iv) deposition of the compressed monolayer onto a substrate. Here we focus on the second and the third stages of the process. At the stage of self-assembly, when the surface concentration of spheres is high enough (in our case it is 60-80 μL of solution per 12-16 cm 2 of surface area), the formation of monolayer can be seen visually as diffraction of light reflected from the monolayer of spheres. Confinement by the trough boundaries leads to partial coverage of the water surface by the monolayer, even without the use of sliders. When the spheres are further compressed by the sliders, the dynamics of the monolayer depends on the electrochemical environment of the sphere-water interface. In order to control the repulsionto-attraction ratio between spheres, we tuned the strength of repulsion. The strength of repulsion is readily manipulated by changing the chemistry of water solution. When the salt ions are added in an electrolyte solution, the repulsive forces between spheres are screened. On the other hand, the repulsive interaction between spheres becomes larger when a water solution is deionized. The chemical composition of the water in our experiments was modified by changing the salt concentration (NaCl) or pH factor (H 2 SO 4 ). Two different reagents at different concentrations have been used in order to provide different rate of tuning strength. For instance, the use of NaCl is more efficient in our case, since by adding of Na þ ions to water, we also change the effective surface charge density of sphere. At the same time, the use of acid (H 2 SO 4 ) only increases the effect of electric screening of spheres in water. The assembled close-packed monolayers are then deposited (transferred) onto glass substrates for further microscopy and diffraction analysis.
Experimental Results and Discussion
To analyze the ordering characteristics of monolayers selfassembled at different electrochemical conditions, we employed scanning electron microscopy (SEM) imaging and laser diffraction. The latter has been used for analysis of the ordering of monolayers with large-area ordered domains. Here a continuous wave HeCd laser was used as the source of radiation with a wavelength λ = 325 nm and a spot size of 3 mm. The SEM images were taken at several different points across each sample in order to confirm the reproducibility of the domain structure through the whole area of the monolayer. In Figure 4 we show the set of characteristic SEM images and the corresponding FFT plots (insets) acquired for monolayers of 780 nm polystyrene spheres self-assembled at different pH factors of the water solution in the trough. As can be seen from Figure 4 , increasing the pH factor leads to an increase in the domain size. We speculate that the electrostatic repulsion strength of spheres is modified with a reduced screening. The demonstrated interval of pH allows tuning of repulsion strength within the range that corresponds to the transition from a quasi-disordered array to macroscopically ordered monolayer. The experimental observations are in qualitative agreement with the simulation results where the increase of the repulsion strength leads to the increase in the ordering (compare the FFT results for R/A = 26 and R/A = 55 in Figure 2 ). The monolayer that demonstrates optimal ordering (pH = 5.3, Figure 4d ) has been analyzed using laser diffraction to verify the ordering on a macroscopic length scale. The first-order hexagonal Bragg peaks indicate a uniform lattice of the spheres over the area exceeding that of the laser spot (∼3 mm). It should be noted that the simulation results also predict the increased order and formation of the domain structure when the ratio R/A is increased (see Figure 2 , R/A = 39). The simulation also predicted that further increase of the repulsion have to led to a configuration where the ordering is optimal (∼R/A = 55). The following increase of the ratio R/A led to glasslike structures with reduced order. In the experiments with 780 nm spheres it was difficult to verify the latter stage as the maximum pH factor (5.3) we could achieve was that for the neutral water solution with added new "off-shelf" solution of microspheres. However, for older solutions, which typically tend to assemble into smaller domain structures, it was found that in many cases the increase of pH first increased the domain size and then leads to a reduction. These results are not demonstrated as it is difficult to quantify the degree of aging for the old solutions. Once opened, the sphere suspension is normally exposed to contamination and is likely to change its electrochemical properties within a certain period of time (typically ∼1-3 months). It was also found that fresh suspensions of spheres with parking areas that are significantly larger than 50 Å 2 /group, and hence having reduced surface charge density (e.g., 120 nm spheres, parking area 112 Å 2 /group) showed a tendency to assemble instantly into tightly bound clusters of microscopic domains (<5 μm) ones they suspended on the water surface, even without compression. These tightly bounded selfassembled regions cannot be modified by sliders. Because of weak electrostatic repulsion, these spheres have a lack of mobility which allows to reassemble into larger domains. These spheres form closed-packed rigid monolayer which tends to "crack" into smaller formations once the monolayer is disturbed by movements of the water or sliders. A similar effect was observed when attempting to assemble carboxyl nanospheres that were 390 nm in diameter with a parking area of 102 Å 2 /group. On the other hand, the spheres that have a parking area significantly smaller than 50 Å 2 /group, (i.e., 8 Å 2 /group for 960 nm spheres) and hence significantly increased surface charge density show an opposite behavior. In this case the electrostatic repulsion is much greater than the attractive capillary force, and it is difficult to achieve close-packed structure even with the compression by the sliders. These spheres have a tendency to "spread" or "flow", avoiding ordered formations. This is in contrast to the sphere solutions investigated here. It can be visually observed that the selfassembled monolayer is rather elastic and can easily increase its size if the confinement by the sliders is loosened up. We interpret this again as an increased repulsion due to the surface charge, which allows the spheres to increase the average separation between each other thus lead to an increase of the whole selfassembled region. Figure 5 shows the set of 60 Â 60 μm 2 SEM images with the corresponding FFT images (insets) from monolayers of 780 nm size polystyrene spheres self-assembled at different salt concentrations dissolved in water (C s ). As described below, the increase in the concentration of Na þ ions in the water in this case has an opposite effect. A large concentration of Na þ ions reduces the dissemination of charge from the spheres and hence reduces the repulsion. Within the shown interval of C s we can see that the domains of ordered regions are reduced and then nearly completely lost. (The interpretation of the boundaries in the case of C s = 1.1% is ambiguous as there are no well-defined areas with well-defined lattices.) This indicates that the long-range correlation is reduced approaching the nearly disordered case for the larger concentration of salt. This is correlated with the simulation results shown in Figure 2 for R/A = 26, where the self-assembly has only short-order correlation and no domain structure. The FFT images (inset in Figure 5 ) support the loss of order in this case by showing nearly diffused scattering with only first three "rings" of intensity. It is interesting to note that reduction of the domain size is also accompanied by the increase of defects (voids, dislocations), which can be attributed to the loss of order. However, we believe that the defects themselves are not the reason for the lost correlation. It is often observed that although such defects affect the local order, on a larger scale, the domains and the lattice tend to preserve the structure. In Figure 6 we summarize experimentally determined average domain sizes in monolayers of 780 nm spheres as a function of pH factor (a) and salt concentration (b). The average size is estimated by measuring lateral dimensions of ∼20 domains imaged by SEM from different areas of the film. The identical set of pH experiments has been performed with 390 nm spheres. As mentioned below, these spheres have a slightly lower value of the "parking area" (46 Å 2 /group), which corresponds to a greater effective surface charge and hence to a stronger repulsion between the spheres. However, given the significant difference in size of the spheres, the variation of the domains is significantly different. Thus, in the considered range of pH values, the size of the domains is greater than the maximum field view of the SEM image for which the individual spheres can be resolved (so that FFT could be applied). Using optical microscopy, we have observed that as in the case of 780 nm spheres increasing the pH value in the bath has led again to variation of the domain size. In order to analyze the ordering characteristics, we have used laser diffraction. Figure 7 shows the set of laser diffraction patterns (taken in reflection) from monolayers assembled at different pH values. In Figure 7a the diffraction pattern is nearly defused, indicating a domain's size that is significantly less than the laser spot size. At pH of 3.7 (Figure 7b) , the diffraction structure improves, showing a distorted hexagonal pattern. At pH = 4.1 (Figure 7c) , the pattern at its best quality showing several orders of hexagonal peaks. For this pH value, the maximum size of the domains is achieved that exceed the size of the laser spot. The average size of the domains was found around 25 mm 2 in this case. Further increase of pH, Figure 7d ,e leads first to a distortion of the hexagonal structure, most likely originating from partial reduction of the domain size, and then to a complete loss of the pattern. It should be noted that scattering is in the last case is not defuse (such as in the case of Figure 7a ) but shows a certain hexagonal structure with the first-order peaks "spread" along the principal directions. A direct analogy with FFT images (in simulation) is not achieved because the scattering from the spheres is more complex than just a Fourier image from a pattern of dots. However, we speculate that in this case the long-range order may still be preserved, so the domain size is not varied, but the short-range order is affected. The latter can be due to defects during transfer of the monolayer to the substrate. Because of the increased separation between spheres, they become more mobile and when transferred to the substrate can move due to interaction with the substrate. Although the long-range order is maintained, the local correlations are affected. Compared with the results produced for 780 nm spheres for the range of pH in this case, we see that there is an optimum pH for which the ordering characteristics and the domain size are optimal. It should be noted that in both cases the optimal ordering and the size of the domains can be further improved by providing additional effects, such as mechanical vibration of the trough. In practice, this allows to increase the domain size up to 100 mm 2 and higher. Such effects are more complicated to simulate and are not described here.
Conclusions
In this work we have experimentally demonstrated that interaction forces, responsible for structural ordering, are the cause of macroscopic ordering for close-packed monolayers of polystyrene nanospheres. We have applied SEM imaging, FFT analysis, and laser diffraction to characterize the ordering parameters and their evolution in monolayers self-assembled at different electrochemical conditions. We have applied a numerical model that determines the geometrical configurations of interacting spheres according to the minima of the interaction potential. We speculate that there is a defined state of the potential energy when the order parameter is maximal. The simulations reproduce some qualitative agreement with the trend observed in the experiment.
According to the experiment, macroscopic ordering over an area of 25 mm 2 is achieved using polystyrene spheres with correct surface chemistry. The possibility to control ordering on area up to macroscopic sizes by tuning the repulsion-attraction balance is simple for implementation, and self-assembled close-packed monolayer can be transferred onto almost any substrate. These self-assembled monolayers can be conveniently used as templates for lithographic applications. The described approach is technologically very attractive, since maintaining long-range order while achieving nanoscale resolution over macroscopic length scales is still a significant challenge for many conventional fabrication techniques. Thus, large hexagonal arrays of almost any materials can be produced with an improved order over macroscopic length scales which provides a route for creating technologically important patterned materials.
